Continuous flow polymerase chain reaction (CFPCR) devices are compact reactors suitable for microfabrication and the rapid amplification of target DNAs. For a given reactor design, the amplification time can be reduced simply by increasing the flow velocity through the isothermal zones of the device; for flow velocities near the design value, the PCR cocktail reaches thermal equilibrium at each zone quickly, so that near ideal temperature profiles can be obtained. However, at high flow velocities there are penalties of an increased pressure drop and a reduced residence time in each temperature zone for the DNA/reagent mixture, that potentially affect amplification efficiency. This study was carried out to evaluate the thermal and biochemical effects of high flow velocities in a spiral, 20 cycle CFPCR device. Finite element analysis (FEA) was used to determine the steady-state temperature distribution along the micro-channel and the temperature of the DNA/reagent mixture in each temperature zone as a function of linear velocity. The critical transition was between the denaturation (95 uC) and renaturation (55 uC-68 uC) zones; above 6 mm s 21 the fluid in a passively-cooled channel could not be reduced to the desired temperature and the duration of the temperature transition between zones increased with increased velocity. The amplification performance of the CFPCR as a function of linear velocity was assessed using 500 and 997 base pair (bp) fragments from l-DNA. Amplifications at velocities ranging from 1 mm s 21 to 20 mm s 21 were investigated. The 500 bp fragment could be observed in a total reaction time of 1.7 min (5.2 s cycle
Introduction
The polymerase chain reaction (PCR) is a powerful technique used to exponentially amplify specific DNA sequences of interest through repetitive temperature cycling. 1 The temperatures that are typically used in PCR include 90 uC-94 uC for denaturation of the double-stranded (ds) DNA molecule, 50 uC-70 uC for renaturation of the primers to the singlestranded (ss) DNA template, and 70 uC-75 uC for enzymatic extension (extension) of the primers. While PCR can produce sufficient quantities of material for detection even at the single copy level, fast reporting of target sequences requires the ability to rapidly thermal cycle the PCR cocktail containing the target sequence. Rapid reporting of PCR results is particularly important in applications such as the detection of air-borne pathogens, including anthrax, 2, 3 and real-time molecular forecasting during sensitive surgical procedures. 4, 5 The speed of thermal cycling is usually instrument limited. For example, some commercial PCR machines are based on a temperature-controlled metal block holding tubes containing the PCR cocktail. Standard protocols for 30 thermal cycles can require y2 h of processing time (240 s cycle 21 ). A large fraction of that time is needed to heat and cool the cocktail due to the need for bringing the large metal block to the cycle equilibrium temperature and to transfer heat to the cocktail through the microfuge tubes. Therefore, the cycle time is set by the thermal capacitance of the metal block and the heat transfer through the plastic microfuge tubes.
Theoretically, PCR can be carried out much more rapidly if temperature equilibration of the PCR cocktail in the reaction vessel at each cycle could be accelerated. Wittwer et al. have shown that denaturing and renaturation are almost instantaneous (less than 1 s). 6, 7 Classical kinetic studies on DNA renaturation also predict rapid annealing, because of the high primer concentration typically used in DNA amplification. 8 Therefore, PCR cycle times are ultimately limited by the elongation time and thus, the enzyme kinetics, which in turn will depend on the length of the amplified product. Investigators have shown that Taq DNA polymerase has an extension rate of 60-100 nucleotides s 21 at 72 uC. 8, 9 It should be theoretically possible to perform 30 PCR cycles in 2.5 min (5 s cycle
21
; 1 s : 1 s : 3 s, denaturation : renaturation : polymerase extension) for a 300 bp amplicon if there are no transition times to attain thermal equilibrium between each temperature step thermal cycle within the PCR cocktail. However, as elongation times are decreased, product yields are compromised, especially for long PCR products. 7 Rapid PCR cycling has been reported in systems using small capillary tubes as the reactor vessels due to their low thermal capacitance allowing fast attainment of thermal equilibrium due to effective heat transfer. Swerdlow et al. were able to amplify a 303 bp target from M13mp18 at a rate of 20 s cycle
. 10 Oda et al. showed that infrared-mediated thermocycling has the potential to achieve cycle times as fast as 17 s. 11 Friedman and Meldrum executed the PCR with temperature ramping at 44 uC s 21 (heating) and 15 uC s (cooling) by resistive heating of a thin film coating on the outside of a reaction capillary. 12 Recently, attention has focused on developing microfabricated PCR devices, since they offer lower thermal capacitance, require smaller amounts of reagents for the reaction, possess the potential for automation, and can be integrated with subsequent processing steps, such as gel electrophoresis. During the past decade, a number of groups have designed chamber-type PCR chips, where a stationary PCR mixture in a confined space is alternately heated and cooled. 13 ). 15 Alternatively, DNA amplification can be achieved in a microfluidic platform by moving a PCR mixture in a microchannel repetitively through different temperature zones using a continuous-flow (CF) format. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] The CFPCR approach can be conducted at relatively high speeds since it is not necessary to heat and cool the amplification chamber repeatedly. 26 Kopp et al. were able to produce a relatively short target fragment (176 bp) in a cycle time of 4.5 s by starting the PCR with a large number of templates (y10 8 copies of a 1 kbp PCR product) along with nested primer sets. 26 Obeid et al. developed a microdevice that integrated CFPCR with cycle number selection and achieved a cycling rate of 13 s cycle
. 29 Recently, a unique spiral micro-channel with 20 loops (y1.6 m) was hot embossed into polycarbonate (PC) for rapid continuous flow PCR. [32] [33] [34] [35] [36] The feasibility of the system was demonstrated by conducting the reaction with a constant linear flow velocity (2 mm s
), resulting in a successful amplification of a 500 bp fragment with a cycle rate of 16 s cycle
. 34 Numerical simulations of the thermal and microfluidic response of the system were used to predict system performance. 35, 36 Several groups have reported detailed thermal analyses of micro-PCR devices using finite element methods. [36] [37] [38] [39] [40] [41] Lin et al. optimized a conventional glass-Si micro-reaction chamber and compared the FE results to a simple 1-D heating model. 37 Continuous flow PCR devices made from polycarbonate, ceramic, and Si-glass were modeled in order to establish the uniformity of the constant temperature zones. 35, 36, [38] [39] [40] [41] The objective of this work was to evaluate the thermofluidic and biochemical performance of a CFPCR device operated at flow velocities greater than 2 mm s 21 (v30 s cycle 21 and for 20 cycles v 13.3 min for the complete reaction) to determine whether the theoretical biochemical limit to PCR, which is inevitably determined by enzyme kinetics-specifically the rate of deoxynucleotide incorporation by the Taq polymerase, could be approached and to identify which factors control overall performance. As the velocity of the analyte in the micro-channel increases the temperature profile of the PCR cocktail depends more on convection than conduction through the channel wall and fluid. Therefore, the PCR cocktail temperature profile will vary, although the temperature profile of the channel would remain constant during steady-state operation under closed-loop control. It was assumed that the efficiency of the extension reactions would vary with changes in the PCR cocktail temperature distribution, reducing the amount of PCR product. Finite element models of heat transfer to the fluid were developed as a function of flow velocity to characterize the steady state thermal behavior of the CFPCR system. Biochemical performance of the CFPCR was evaluated experimentally for two fragment lengths at a range of flow velocities.
Thermofluidic modeling Configuration
The topographical layout of the CFPCR chip is shown in Fig. 1a . A polycarbonate cover plate (thickness~0.25 mm) was thermally bonded over the micro-channel, embossed in a 0.40 mm thick substrate, and electrical resistance film heaters mounted above and below the denaturation and extension temperature zones. Air pockets were milled into additional pieces of polycarbonate to provide thermal insulation above and below these zones. The renaturation zone was passively cooled.
The selection of polycarbonate as the device material and the incorporation of the air pockets were used to establish uniform and distinct temperature zones. 34, 35 , respectively, so they were used to maximize the thermal impedance between the micro-channels and the environment. Both also have a low thermal capacitance so that they are less sensitive to disturbances in temperature when operated under the steady-state thermal conditions of normal CFPCR operation. The penalty was a slightly longer heating transient when the device was initially turned on than would occur with a higher thermal conductivity material such as silicon, but the amplification performance was not affected since the device was operated in the steady-state and not thermally cycled during the reaction.
Natural convection was used to remove heat above the renaturation zone. Although the conductivity of the polycarbonate is low, it is still six times higher than that of air in the flanking pockets. Therefore, the polycarbonate worked like a fin to dissipate heat from the micro-channel to the environment.
Assumptions
Several assumptions were made in developing the finite element model. The CFPCR model consisted of a single, straight, polycarbonate microfluidic channel measuring 50 mm by 150 mm, which represented one loop of the actual device cut in the middle of the renaturation zone and straightened out (see schematics of the model cross-section in Fig. 1b ). The ratio of the lengths of the three temperature zones was 1:1:4 (denaturation : renaturation : extension), corresponding to the ratios on the innermost loop of the spiral device. The ratio of the width of the channel to the width of the device was on the order of 1:1000, so the heating surfaces were assumed to be infinitely long along the z-axis. The lateral thermal resistance to conduction was much higher than in the vertical direction (y-axis), so the boundaries in the z-direction were taken as adiabatic. By modeling the device as a closed loop, which was cut through the 72 uC zone and straightened out, the thermal boundary condition at each end of the straight channel segment was also adiabatic (in the x-direction). Heat transfer across the air pockets was modeled using an equivalent thermal conductivity that combined conduction through the air and a linearized thermal resistance due to radiation. 36 Constant heat flux elements, which were shown to produce temperature profiles similar to those obtained with volume heat generation elements, were used to represent the electrical heaters, since the operation of the heaters was under steady-state conditions and the temperature in each zone was under independent closed loop PID control.
The working fluid was modeled as water. For modeling the fluid behavior, entrance effects were neglected because of the very low Reynolds number and the flow in the channel was assumed to be fully-developed and laminar. The no-slip condition was imposed at the channel walls. Due to symmetry, only the top half of the device was modeled.
Methods
Finite element analysis with ANSYS/CFD-FLOTRAN (vers. 5.7, ANSYS, Inc., Canonsburg, PA) was carried out to evaluate the thermofluidic response of the CFPCR device. Model parameters for the simulations are summarized in Table 1 .
Two different, predefined 3-D mesh elements, 3-D brick elements for the micro-channel/fluid and 3-D tetrahedral elements for the air pockets and polycarbonate, were used in the ANSYS simulations. Grid sensitivity was evaluated using three different element sizes for each mesh type to ensure that the simulated results were independent of element size. The simulated velocity profiles for the finite element simulations were also compared to the analytical result of Dryden et al. 42 A model that divided the channel into 100 6 12 6 12 (x-y-z) brick elements and used Smart 5 tetrahedral elements for the polycarbonate and air pockets gave the best result when compared to the analytical solution and that combination was used in all further work. 32 The device on the right was used in these experiments and had 50 mm wide channels separated by 250 mm. The device on the left had 50 mm wide channels separated by 50 mm and was not used in this study; (b) End and side views of the single channel model used for finite element analysis of the CFPCR device showing the thermal boundary conditions for the model.
Simulations were used to show that the model represented the flow in both the inner and outer spirals of the actual 20 cycle CFPCR device. 35, 36 The residence time ratios in each temperature zone are different for each cycle because the radii of the spirals vary. Based on geometry, the inner spiral was sized so that it would have a denaturation time of 5 s at a flow velocity of 2 mm s 21 ; simulations showed that the actual time within ¡2 uC of the ideal denaturation temperature was 2.73 s at that flow velocity. Table 2 compares the cycle times and percentage of the cycle time that the fluid spends in each temperature zone in the two bounding loops. Tolerance bands of ¡2 uC were defined around the setpoint temperatures, so that the temperature zones could be characterized in terms of the residence time in each temperature band and the transition times when the fluid was between the set temperature bands.
Modeling results
Simulations were run for no flow and eight fluid velocities ranging from 2 mm s 21 to 20 mm s 21 in order to assess the thermofluidic performance of the CFPCR for high speed conditions. Heat fluxes from the heaters were maintained at the values optimized for the design velocity of 2 mm s 21 for all cases. As the flow velocity increased, the residence time of the fluid in the isothermal zones decreased and, consequently, the available time for heat transfer to the fluid was reduced. This modified the boundary conditions for the chemical reactions, potentially affecting the amplification yield of the input DNA. Fig. 2 shows the variation in thermal performance as a function of fluid velocity. Significant changes in the fluid temperature profile along the channel occurred, particularly for velocities above 6 mm s
21
. Between 2 and 6 mm s 21 , the time for the analyte to reach equilibrium within each zone temperature increased, so that the residence time of the fluid at the setpoint temperature was reduced. When the velocity was increased above 10 mm s 21 , the fluid did not reach the set denaturation temperature of 95 uC; at 20 mm s 21 the peak temperature was 5 uC below the target of 95 uC. As the velocities were increased above 10 mm s
, the target temperature in the extension zone was not reached until the fluid had traveled nearly one quarter of the way into the extension zone.
The residence and transition times for each tolerance band were used to quantify the differences between the temperature profiles as a function of velocity (see Table 3 ). In the ideal case, the transition times would be zero and the fluid would instantaneously reach equilibrium within each zone. At linear velocities above 10 mm s 21 , the fluid never entered the tolerance band for the denaturation zone. The total residence time at the set PCR temperatures decreased from 90% of the total cycle time at 2 mm s 21 (10% transition time) to 67% of the cycle time at 20 mm s 21 (33% transition time). The duration of the extension zone masked the change during the first two steps in the PCR cycle at these flow velocities; at velocities above 10 mm s 21 the fluid had zero residence time in the denaturation zone, so the majority of the time was accounted for by residence in the extension zone. In the denaturation zone, heat was not added at a high enough rate to attain equilibrium and it could not be removed quickly enough by natural convection during renaturation. The changes in residence and transition times were relatively stable for velocities below 6 mm s 21 , but developed a significant gradient above 6 mm s
. The finite element simulations show that under nominal heating and cooling conditions, the CFPCR device, when operated below a velocity of 6 mm s
, will produce the necessary setpoint temperatures for the PCR, but the residence time within any zone is reduced when the linear velocity is increased. The denaturation zone residence time reduced to zero for linear velocities w 10 mm s 21 and the nominal renaturation temperature was reached for only a short period of time. The critical design points to reduce these limitations are the addition of heat in the denaturation zone and the removal of heat in the transition between denaturation and renaturation. Heat addition can be addressed relatively easily by increasing the current available to the heater. Heat removal at a higher rate is a more challenging problem and requires the use of active cooling via thermoelectric coolers, heat exchangers, or fans to obtain the desired temperature profiles at these higher velocities. These solutions would potentially compromise the compactness of the device.
Experimental methods CFPCR device and apparatus
The CFPCR device designed and fabricated in Liu et al., 34 Bejat et al., 35 and Mitchell et al. 36 was used for these experiments. A mold insert for hot embossing was produced using the LIGA process. [43] [44] [45] The mold insert was used to hot emboss several microfluidic channels in polycarbonate substrates (Goodfellow, UK) using a PHI (City of Industry, CA) press equipped with a vacuum chamber. Inspection of SEM micrographs indicated that the sidewalls of the embossed channels were straight and smooth and contained the insert-defined channel width and height indicating minimal replication errors. A syringe pump (Harvard 22, Harvard Apparatus, Holliston, MA) was used to drive the PCR mixture through the spiral micro-channel. A glass syringe (Hamilton, Reno, NV) with a syringe-to-capillary adapter was used to make the connection between the pump and the microfluidic device. Temperatures were maintained during operation using electrical resistance heaters (KHLV-101/10, Omega Engineering, Inc., Stamford, CT) under closed-loop PID control (CN77R340, Omega Engineering, Inc., Stamford, CT). Temperature feedback was through Type K thermocouples (5TC-TT-K-36-36, Omega Engineering, Inc., Stamford, CT) mounted between the cover plates and heaters.
PCR cocktail
Either a 500 bp or 997 bp DNA fragment was individually amplified with a common forward primer (5'-GATGAGTTC-GTGTCCGTACAACTGG-3') and different sequences of the reverse primers (5'-GGTTATCGAAATCAGCCACAGCGCC-3' for the 500 bp fragment; 5'-GTACCTTTGTCTCACGGG-CAACCTG-3' for the 997 bp fragment). The forward primer was labeled with IRD800 (Li-COR, Lincoln, NE) at its 5'-end for post-PCR fluorescence detection. The PCR cocktail consisted of 10 mM Tris-HCl (pH 8.3), 26 BSA (0.5 mg mL 21 ), 50 mM KCl, 1.5 mM MgCl 2 , 200 mM of each dNTP, the primer pair (0.2 mM each), 0.1-10 ng mL 21 bacteriophage l-DNA as the PCR template, and 0.07 U mL 21 Taq DNA polymerase. The template was thoroughly denatured by heating to 95 uC for 2 min prior to addition of the PCR cocktail.
Methods
Before pumping the PCR cocktail through the micro-channels, the channel was washed sequentially by pumping distilled water followed by 16 PCR buffer containing 26 BSA. The PCR mixture containing the template was then pumped through the chip at the appropriate linear velocity with the PCR products collected into a microfuge tube from the capillary outlet of the chip. Nominally, the temperature of the denaturation zone was set at 95 uC, and the temperature of the extension zone was set to 72 uC. Active heating was not applied to the renaturation zone. The collected samples were analyzed using a 5.5% crosslinked polyacrylamide gel. Fluorescence from the product was imaged by the Global IR 2 DNA analysis system (Li-COR, Lincoln, NE) and the resultant band integrated over each separation lane with ImageQuant software (Amersham Biosciences, Piscataway, NJ). As a reference, the same PCR mixture used for the CFPCR device was run on a commercial thermal cycler (Techne, Burlington, NJ) using the same number of cycles (20) .
Experimental results and discussion
The PCR products generated from the micro-CFPCR device at flow velocities of 1, 2, and 3 mm s 21 are shown in Fig. 3 . The integrated fluorescence intensities from the PCR product gel bands obtained from the CFPCR were normalized with respect to the integrated fluorescence intensity obtained from the reference (see Fig. 3b ). The results demonstrate that about 25%, 20%, and 10% of the reference PCR product yield was obtained for flow velocities of 1, 2, and 3 mm s
21
, respectively, using the CFPCR device. The chip produced a total of 20 thermal cycles with the loops possessing a mean time ratio between 1:1:3 and 1:1:4 for each step of the PCR process (denaturation : renaturation : extension), with the exact ratio depending on the location of each loop (1:1:3 in the outer most loop). The 20 cycles were completed in 25.9, 12.9, and 8.6 min with cycle rates of 77.9, 38.9, and 25.9 s cycle 21 , respectively, for the three flow velocities used here, while approximately 50 min was required for the reference cycler to perform 20 thermal cycles (30 s denaturation, 30 s renaturation, and 40 s extension). The product yield for the CFPCR device was about 25% that obtained using the conventional thermal cycler at the lowest linear velocity used (1 mm s 21 ) that roughly provides 14 s, 14 s, and 49 s for the denaturing, renaturing, and extension, respectively. The lower product yield was due to partial deactivation of the Taq polymerase by adsorption to the high surface-to-volume ratio PCR micro-channel (PC) and/or insufficient residence time in each temperature zone.
In order to simplify the device architecture and allow sufficient time for extension at the elevated linear velocities, a two temperature step PCR cycle was investigated, where the hybridization step was combined with the extension step. To determine the optimal temperature for renaturation and extension, the combined renaturation/extension step temperature was changed by increments of 2 uC, in a range of 68-76 uC with a constant period of 40 s, and the product yield examined. The reference product was obtained using the commercial cycler with the following thermal cycling program: predenaturing at 95 uC for 2 min, followed by 20 cycles with denaturing at 95 uC for 30 s, renaturing at 66 uC for 30 s, and extension at 72 uC for 40 s. The product yield decreased significantly compared to the conventional three temperature step process when the renaturation/extension temperature exceeded y74 uC, but little difference in yield resulted if the two step cycling used a temperature below 70 uC. The calculated T m for the duplexes formed between the forward and reverse (500 and 997 bp fragments) primers and template was 60.6 uC, 63.7 uC and 62.9 uC, respectively, at the concentrations used for these experiments. Based on the observed T m for these primer/target duplexes, at least a 50% reduction in product yield based on the T m and the temperature used for renaturation/extension would be expected. However, the higher temperature used for primer renaturation minimized PCR false priming events yielding better specificity in the amplification process and more efficient use of the available primers. The results indicated that a temperature of slightly below 70 uC provided a sufficient number of primer/template duplexes to produce PCR yields comparable to typical three-step PCR formats. The finite element simulation results (see Fig. 2 ) predicted that the micro-CFPCR would be able to drop the fluid temperature below 70 uC for sufficient periods of time for fluid velocities up to 20 mm s 21 to permit adequate renaturation events for perfectly matched duplexes.
For some applications, it may be important to obtain a detectable amount of PCR product quickly from a low copy number sample. Therefore, a study was carried out to establish the minimum copy number of template that could be detected when amplified through 20 thermal cycles using the CFPCR at a linear velocity of 10 mm s 21 (7.8 s cycle 21 and 2.6 min for completing the reaction). The results of these studies are depicted in Fig. 4a . The fluorescence bands in Fig. 4a were integrated over each separation lane and a plot of integrated intensity versus copy number is shown in Fig. 4b . The minimum template concentration that could be detected at 10 mm s 21 was 1 ng mL
, which corresponds to approximately 2 6 10 7 copies. Although no visible product band was apparent for 0.1 ng mL 21 template, this does not necessarily mean that no product was generated at those concentrations, but most likely the amount of product produced under these PCR conditions was smaller than the detection limit of the fluorescence scanner associated with this gel apparatus. The PCR products were labeled with a near-IR dye molecule at the forward primer's 5'-end, which typically improves detection sensitivity by 206 compared to conventional DNA staining with ethidium bromide. 46 Random incorporation of plural numbers of fluorescent dye molecules into the PCR product during the reaction may provide improved sensitivity compared to the single 5'-end labeling employed here when fast PCR is required. [47] [48] [49] PCR runs were next performed with a template concentration of 10 ng mL 21 to determine an upper bound on the linear velocity that could be used using micro-CFPCR for the generation of either a 500 or 997 bp fragment. Fig. 5a shows PCR results for the 500 bp fragment at linear velocities of 10, 15, and 20 mm s
. The product band was detectable up to a flow velocity of y15 mm s
, which allowed completion of 20 PCR cycles in only 1.7 min with a per cycle time of 5.2 s. For the 997 bp fragment, the maximum linear velocity that could be used to produce a detectable product was y8 mm s 21 , giving a total reaction time of 3.2 min with the cycle time equal to 9.7 s (see Fig. 5b ). It is difficult to conclude from this data whether those cycle times (5.2 and 9.7 s for the 500 and 997 bp fragments, respectively) represent the fundamental limit on PCR (the residence time in the extension zone below the kinetic rate of the polymerase enzyme) or due to the limitation of generating detectable amounts of product for the fluorescence gel reader. However, when the linear velocity is increased to reduce amplification time, the required cycle rate to generate product for PCR is primarily determined by the polymerase extension time when thermal equilibrium is rapid as is the case for CFPCR. When differences in product yield are seen for two PCR fragments that differ only in size, the observed results can only be explained by the residence time in the extension zone approaching the kinetic limit for the PCR unless the primers differ in renaturing specificity since thermal equilibration effects on product yield are unaffected by product size. In addition, since the denaturation temperatures of the primer sets used for each PCR product were comparable, the denaturation/renaturation kinetics cannot be used to explain the product yield differences between these two fragments. As extension times are decreased below the kinetic limit for fully extending the fragment length defined by the forward and reverse primer pair, a failed PCR reaction will result. Therefore, it is clear that under favorable thermal conditions, the fundamental limit on PCR time is highly dependent on the length of the product required. 
Conclusions
A continuous flow PCR (CFPCR) device was microfabricated from polycarbonate and its performance as a function of reaction speed was demonstrated. The ease of fabrication and the low cost associated with the device should make it particularly attractive for clinical diagnostic applications, where rapid PCR results are required. Finite element analysis (FEA) was used to help understand the heat transfer to the fluid mixture along a single channel and how the temperature distribution varied among different channel radii on the 20 cycle spiral CFPCR device. The transition and residence times of the fluid in each temperature zone were estimated to determine the effect of increasing flow velocity and changing heat transfer characteristics on the product yield. While the device was shown to produce product yields that were approximately 25% lower than that of a conventional block thermal cycler when operated with similar cycling times, the micro-CFPCR device could produce products at a much faster rate compared to conventional thermal cyclers due to better thermal management. The CFPCR device could produce 500 bp fragments from l-DNA in as little as 1.7 min (5.2 s cycle
21
) and a 997 bp fragment in 3.2 min (9.7 s cycle 21 ) with the limit on PCR time set by enzyme kinetics (Taq polymerase).
